The flavonoids are a structurally diverse class of natural products that exhibit a broad spectrum of biochemical activities. The flavones are one of the most studied flavonoid subclasses due to their presence in dietary plants and their potential to protect human cells from reactive oxygen species (ROS). Several flavone compounds also mediate beneficial actions by direct binding to protein receptors and regulatory enzymes. There is current interest in using Quantitative Structure Activity Relationships (QSARs) to guide drug development based on flavone lead structures. This approach is most informative when it involves the use of accurate physical descriptors. The Abraham summation solute hydrogen bonding acidity (A) is a descriptor in the general solvation equation. It defines the tendency of a molecule to act as a hydrogen bond donor, or acid, when surrounded by solvent molecules that are hydrogen bonding acceptors, or bases. As a linear free energy relationship, it is useful for predicting the absorption and uptake of drug molecules. A previously published method, involving nuclear magnetic resonance (NMR) spectroscopy, was used to evaluate A for the monohydroxyflavones (MHFs). Values of A ranged from 0.02, for 5-hydroxyflavone, to 0.69 for 4'-hydroxyflavone. The ability to examine separate NMR signals for individual hydroxyl groups allowed the investigation of intramolecular interactions between functional groups. The value of A for the position 7 hydroxyl group of 7-hydroxyflavone was 0.67. The addition of a position 5 hydroxyl group (in 5,7-dihydroxyflavone) increased the value of A for the position 7 hydroxyl group to 0.76. Values of A for MHFs were also calculated by the program ACD-Absolve and these agreed well with values measured by NMR. These results should facilitate more accurate estimation of the values of A for structurally complex flavones with pharmacological activities.
With over 9000 structures now characterized, the flavonoids constitute a diverse class of natural products and represent a valuable resource for pharmaceutical development [1, 2] . In the past two decades, investigations of their anti-cancer, anti-atherosclerosis, and neuro-protective activities have generated an interest in drug development based on flavonoid lead structures [3] [4] [5] . Flavonoids scavenge reactive oxygen species (ROS) and this activity has often been credited for their reported health benefits. Hydroxyl group substitution patterns of flavonoids that promote free radical scavenging have been identified using assays based on photometric detection of stable free radicals dissolved in organic solvents [6] [7] [8] . These investigations have defined structure-activity relationships (SARs) for radical scavenging in solution phase; however, other factors must be considered in the design of therapeutic antioxidants.
The partitioning of flavonoids into lipid structures, such as mitochondrial membranes and low-density lipoprotein (LDL) particles, has proven to be an important factor for the protection of living cells and tissues from ROS [9] . The interactions of flavonoids with model lipid structures such as micelles, vesicles and planar lipid bilayers have been shown to depend on the number and position of hydroxyl substituents [10] [11] [12] . The pattern of hydroxyl group substitution was also demonstrated to affect the uptake, transport and delivery of flavonoids into living cells [13] . The flavonoid structural features responsible for inhibiting lipid peroxidation have been investigated using aqueous liposomes in order to develop Quantitative Structure-Activity Relationships (QSARs) [14] . The protection of liposomes correlated with the energy of hydration (E HYDR ), a parameter dependent on the number of flavonoid hydroxyl substituents. The positioning of the antioxidant flavonoids at the liposome aqueous interface nullified radicals generated in the aqueous phase. In another investigation, involving detergent micelles, it was demonstrated that subtle changes in hydroxyl group substitution could affect whether a flavonoid molecule tended to be located in the hydrophobic interior or at the polar aqueous interface [12] .
Lipophilicity, hydrogen bonding capacity, charge and size have been cited as the main properties that affect drug permeation through a membrane [15] . Lipophilicity has most commonly been represented by the logarithm of the octanol/water partition coefficient (LogP Oct ). Due to the variation in experimental methods used, the measured LogP Oct values for given flavonoids have varied between reports [16] . Inconsistencies in the pH of the aqueous phase are a likely cause of the discrepencies in reported LogP Oct values determined by different laboratories.
The flavones are a subclass of the flavonoids, and when they contain multiple hydroxyl substituents, they tend to be potent antioxidants. The hydroxyl groups at several flavone positions of substitution have pKa values lower than 9.0. It is, therefore, important to compare distribution coefficients, or LogD Oct values, which are measured using 1-octanol equilibrated with an aqueous The Abraham solute hydrogen bonding acidity, represented by the symbol α H 2 , is a parameter based on the equilibrium constant (K) for the formation of a one-to-one complex between a hydrogen bond donor (acid) and an acceptor (base) [26] . The scale associated with α H 2 has allowed comparison of the strength of different hydrogen bonding donors against a common acceptor. While α H 2 is useful as a comparison index, it does not adequately represent the situation where a donor molecule is surrounded by acceptor solvent molecules. This scenario is relevant to a drug molecule partitioning from an aqueous phase into membranes of living cells.
The Abraham "summation" solute hydrogen bonding acidity, originally symbolized as Σα H 2 , but now identified as A, is one of the physical descriptors in the general solvation equation [27] . The definition of A is relevant to a solute surrounded by solvent molecules that are hydrogen bond acceptors or bases. It has been recognized as being equivalent to the parameter developed by Leo, represented by the symbol εα, that is calculated from the difference between measured LogP Oct and LogP Chl values (ΔLogP (Oct-Chl) ) [28] . The value of A has usually been determined from partition coefficient measurements; however, this is difficult for flavone aglycones due to their low solubility in water and solvents of low polarity, such as chloroform. A convenient method for determining A, using nuclear magnetic resonance spectroscopy (NMR), has been reported [29] . As a linear free-energy relationship (LFER), the value of A contributed by each donor group can be determined and the overall value of A for a molecule can be obtained by the summation of all donor contributions. The method is based on the chemical shift difference for the solute in deuterated dimethyl sulfoxide (DMSO-d 6 ) versus deuterated chloroform (CDCl 3 ). For phenols, the value of A was calculated from Equation 1:
where, Δδ (D-C) is the chemical shift in DMSO-d 6 (δ D ) minus the chemical shift in CDCl 3 (δ C ). This equation was obtained from a correlation involving 54 compounds, including substituted phenols, for which A was previously determined from partition coefficients and/or chromatographic methods [30] . The correlation gave a standard deviation of 0.05 units for prediction of new values of A.
In the present study, Equation 1 was used to estimate the values of A for MHFs based on measured values of Δδ (D-C) . Several experimental problems were encountered in this investigation. Only 3HF, 5-hydroxyflavone (5HF) and 7-hydroxyflavone (7HF) were sufficiently soluble in CDCl 3 and also had distinct and narrow signals to determine the chemical shift of the hydroxyl proton signal. In CDCl 3 , several MHFs exhibited signals un-separated from the signal of trace amounts of water, due to intermolecular proton transfer (IMPT) exchange. These same MHFs also tended to precipitate when the concentration of DMSO-d 6 became less than 0.1 M in the DMSO-d 6 /CDCl 3 solvent system. A strategy of using dihydroxyflavones (DHFs), with one hydroxyl group at position 5 or 3, and the other hydroxyl group at the position of interest, provided an increase in CDCl 3 solubility so that Δδ (D-C) values could be obtained. By preparing samples in a glove box, with a nitrogen purged atmosphere, the contamination from water vapor was reduced to minimize the problem with IMPT exchange. Most of the assayed flavones exhibited distinct narrow signals that allowed values of δ C and δ D to be determined with confidence.
The compound 3HF has been reported to self-associate in non-polar solvents and it was suspected that other MHFs and DHFs might also self-associate [17, 18] . Therefore, an assay was needed to measure values of Δδ (D-C) and indicate if self-association was occurring. For each hydroxyl group studied, the NMR chemical shift was measured as a function of DMSO-d 6 concentration throughout the solvent system of DMSO-d 6 /CDCl 3 . This allowed the estimation of K based on a model involving the formation of a 1:1 complex with DMSO-d 6 through a single equilibrium reaction. Each estimate of K was used to calculate α H 2 which was then compared to the value of A measured by NMR. For most solutes with a single donor group, the value of α H 2 has been numerically close to the value of A measured by traditional methods. The comparison of α H 2 with A served as criterion to verify that, with the exception of 3HF and 3,3'-dihydroxyflavone (3,3'DHF), the binding of DMSO-d 6 to MHFs and DHFs was consistent with the single equilibrium model without interference due to flavone self-association. Values of A were also estimated by the computer program ACD-Absolve and there was good agreement with values of A measured by NMR.
Phenol was selected as a test compound due to its solubility in CDCl 3 and in DMSO-d 6 . The binding of phenol to DMSO-d 6 , in the solvents CDCl 3 and CCl 4 , had also been studied by 1 H-NMR [31, 32] . Distinct signals were observed for H 2 O and the phenolic hydroxyl group throughout the entire binary solvent system. The formation of a 1:1 complex between phenol and DMSO-d 6 has been represented by Equation 2 below. This reaction is analogous to the
binding of phenol with phosphoryl compounds to form strong complexes mediated by hydrogen bonding [31] . 
Hydrogen-bonding acidity of flavonoids [33] . This is a good approximation when
[D] o is 10 to 50 times greater than [B]; however, [D] o must not be so great that complexes other than the 1:1 stoichiometry become predominant [32] [33] [34] . In the present study, plots of 1/(δ o -δ F ) versus 1/[D] o were used to estimate K and δ B from the slope and intercept of the line of least regression. Values of [D] o greater than 0.10 M and less than 2.0 M were used in each linear plot. Since the concentration of each flavone was about 4 mM, the concentration of the bound complex was less than 5% of the total DMSO-d 6 concentration. Samples containing more than 2.0 M DMSO-d 6 were not included in these plots due to their potential to have higher concentrations of complexes with a stoichiometry other than 1:1. Plots of 1/(δ o -δ F ) versus 1/[D] o exhibited good correlations with R 2 values between 0.95 and 1.00.
The parameter α H 2 is based on the formation of a 1:1 complex between a hydrogen bonding donor and an acceptor, both at low concentration in CCl 4 [26] . The value of α H 2 , is related to the equilibrium constant, K (in Equation 4) through Equation 6 .
The values of constants m and c are solvent specific and for chloroform these were recently reported to be 4.697 and -1.1, respectively [35] . The term β H 2 is the solute hydrogen bonding basicity of DMSO that has been reported as 0.775 [35, 36] . Several assumptions were made in using Equation 6 to calculate α H 2 from the estimated value of K: 1) the values of m and c for chloroform were assumed to be the same as those for CDCl 3 , 2) the values of m and c for CDCl 3 were assumed to be unchanged in the presence of 0.10 M to 2.0 M DMSO-d 6, and 3) the value of β H 2 for DMSO-d 6 was assumed to be the same as for DMSO.
For most compounds with a single acidic group, the measured value of α H 2 has been numerically similar to A [28, 37] . Based on many reported solutes, the difference between α H 2 and A has typically been 0.2 units or less. In fact, α H 2 values have been used as initial estimates to back calculate values of A. It was therefore reasoned that if a plot of δ o versus Χ D represented the formation of a 1:1 complex, then a plot of 1/(δ o -δ F ) versus 1/[D] o should provide reasonable estimates of K, that could in turn be used to calculate α H 2 . These estimates of α H 2 should be within 0.2 units or less of the value of A calculated from measured Δδ (D-C) values. If significant self-association of the flavone had occurred, it would have diminished estimates of K and α H 2 relative to A. This was demonstrated for increasing concentrations of phenol, as shown in Table 1 . The purpose of this approach was to verify the estimate of K, based on the model in Equation 2, corresponded to a value of α H 2 that was reasonable when compared with the value of A. Estimation of K, using Equation 5, was reported to have an error of +/-10%. For phenol, this translated to an error of +/-0.02 units for α H 2 [34] . With a phenol concentration of 2 mg/mL, the value of Δδ (D-C) was 4.68 ppm, which corresponded to a value of 0.63 for A. This was nearly identical to the value previously reported for phenol at a concentration of 1 mg/mL [29] . From a plot of 1/(δ o -δ F ) versus 1/[D] o , the value of K was determined to be 12.2 M -1 . This corresponded to a value of 0.60 for α H 2 , which compared well with the reported value of 0.596 [35] . The estimate of δ B (9.00 ppm) was slightly less than the measured value of δ D (9.31 ppm). According to Equation 4 , the value of δ o for a phenolic hydrogen signal should asymptotically approach the value of δ B . This model does not account for the formation of complexes with two or more molecules of DMSO-d 6 bound to each phenol molecule that could form in samples with values of Χ D approaching 1.0. These complexes cause the value of δ o in DMSO-d 6 (δ D ) to be slightly higher than the estimated value of δ B . For most of the hydroxyl groups in Table 1 , the value of δ D was slightly greater than the estimate of δ B .
The 400 MHz 1 H NMR spectra of phenol at a concentration of 10 mg/mL in CDCl 3 , in DMSO-d 6 , and in three solvent mixtures have been compared in Figure 1 . Insets with expanded vertical scales have been included for spectra in solvent mixtures to emphasize the line shape which identified the condition of intermediate exchange rate, first described by Gutowsky and Holm [38, 39] . The spin system was consistent with the limit expression of 2πт (ν A -ν B ) = 1, where ν A and ν B were the resonance frequencies for a proton in states A and B, respectively, and т was half of the lifetime of either site, assuming equal lifetimes for each.
Plots of δ o versus Χ D for phenol at different concentrations in the binary solvent system have been compared in Figure 2 . With a phenol concentration of 25 mg/mL, the value of Δδ (D-C) was 4.31 ppm, which corresponded to a value of 0.58 for A. The twelve-fold increase in the phenol concentration reduced A by about 8% due to increased IRHB. It was the curvature of the plots in Figure 2 that was changed most by increased phenol concentration. According to Equation 4 , plot curvature was closely related to the value of K. Increasing the phenol concentration from 2 mg/mL to 25 mg/mL, reduced the estimate of K from 12.2 M -1 to 5.4 M -1 and reduced the value of α H 2 from 0.60 to 0.50. These relatively large changes in estimates of K and α H 2 , were most likely due to self-association of phenol through IRHB, which has been well-documented [31, 34] .
The structures of the MHFs and DHFs that were used in this study have been depicted in Figures 3A and 3B , respectively. The hydroxyl groups have been shown with specific orientations to suggest possible locations for IHB. Those locations where IHB was predicted, using the molecular mechanics program PCModel, have been emphasized with a bold interrupted line. An intramolecular hydrogen bond was predicted for 5HF between the position 5 hydroxyl group and the carbonyl group at position 4. For 4'H3'MF, the IHB was predicted between the position 4' hydroxyl group and the oxygen atom of the methoxy group at position 3'. For 8HF and 8H7MF, the most likely position for IHB was predicted between the position 8 hydroxyl group and the oxygen atom at position 1 in the flavone C ring. Interestingly, IHB was not predicted for either 2'HF or 3HF. Structural models illustrating the predicted IHB in 5HF, 4'H3'MF, 8HF and 8H7MF have been provided in the Supplementary Information.
The compound 5HF exhibited the least tendency to act as a hydrogen bond donor due to the very strong IHB of the position 5 hydroxyl group [40] . The 400 MHz 1 H-NMR spectra for 5HF in CDCl 3 and in DMSO-d 6 have been compared in Figure 4 . In CDCl 3 , the NMR signal for the hydroxyl group at position 5 was identified by the downfield position (δ o = 12.56 ppm), which was consistent with strong IHB. In DMSO-d 6 , the signal was very narrow and shifted slightly downfield (δ o = 12.67 ppm). Although the change in δ o was small, the signal broadened in mixtures of CDCl 3 and DMSO-d 6 in a manner that was consistent with the twostate equilibrium involving an intermediate exchange rate. Table 1 : Summary of chemical shifts, values of Δδ (D -C) and A for compounds assayed.
Compound Assayed
Hydroxyl The signal for the hydrogen atom at position 3 (H 3 ) has been marked with an arrow to illustrate how this signal also shifted downfield when DMSO-d 6 was complexed with the hydroxyl group at position 5. The value of Δδ (D-C) was 0.11 ppm, which corresponded to a value of 0.02 for A, the lowest observed for any hydroxyl group. This result was confirmed by the assay of several DHFs with a position 5 hydroxyl group, as recorded in Table 1 . The value of A for 5HF, computed by ACD-Absolve, was 0.13. The program identified the model compound 2-acetyl-phenol and calculated a value of 0.13 for A. The value of A, based on measured partition coefficients, was 0.00.
There have been published reports that refer to the IHB in 3HF, between the position 3 hydroxyl group and the position 4 carbonyl group, as being significantly weaker than the IHB in 5HF [41, 42] . The 1 H NMR spectra for 3HF in CDCl 3 , DMSO-d 6 and two solvent mixtures have been compared in Figure 5 . For the hydroxyl group at position 3, the values of δ D and δ C were 9.62 ppm and 7.00 ppm, respectively. The value of Δδ (D-C) was 2.62 ppm which corresponded to a value of 0.35 for A. For 3HF, a value of 0.31 for A was calculated by ACD-Absolve. The program identified the model compound 3-hydroxy-butane-2-one and cited the calculated value of A as 0.17. The experimental value of A for this compound, based on partition coefficients, was 0.27.
The compound 7HF was soluble enough in CDCl 3 to assay in the complete binary solvent system. The NMR spectra of 7HF in CDCl 3 , DMSO-d 6 and in two solvent mixtures have been provided in Figure 6 . The values of δ C and δ D for the position 7 hydroxyl group were 5.81 ppm and 10.83 ppm, respectively. The value of Δδ (D-C) was 5.02 ppm, which corresponded to a value of 0.67 for A. The ACD-Absolve program calculated a value of 0.66 for A, which was very close to the value measured by NMR.
The values of A measured for 5HF (0.02), 3HF (0.35) and 7HF (0.67) were within about 0.1 unit of the values predicted by ACD-Absolve, as summarized in Table 2 . There were also informative differences in the plots of δ o versus Χ D , as exhibited in Figure 7 . In contrast, 5HF exhibited the lowest values for Δδ (D-C) (0.11 ppm) and A (0.02). (0.08) for 3HF were less than the corresponding values for 5HF. This result was unreasonable since the NMR-measured value of A for 3HF (0.35) greatly exceeded that of 5HF (0.02). From the intercept, an estimate of δ B (12.12 ppm) for 3HF also greatly exceeded the measured value of δ D (9.62 ppm). This indicated that values of δ o were affected by some additional process not accounted for in Equation 2 . There was concern that this may have resulted in error for the measurement of A. The signal for the position 3 hydroxyl group of 3HF also exhibited line broadening over a much wider portion of the binary solvent system than any other hydroxyl group that was assayed. This point is illustrated in Figure 5 with the spectrum of 3HF in 35% DMSO-d 6 / 65% CDCl 3 . The hydroxyl group signal exhibited a value of 44 Hz (0.11 ppm) for the linewidth at half-height (Δν 1/2h ). At this high concentration of DMSO-d 6 , most of the other MHFs exhibited very narrow signals with Δν 1/2h values of about 4 Hz (0.01 ppm). Samples of 3HF, at higher concentration (20 mg/mL), were used to measure δ D (9.62 ppm) and δ C (7.06 ppm). Compared with samples of 3HF at a concentration of 1 mg/mL, the value of δ C was slightly increased while δ D remained unchanged.
Collectively, these results with 3HF indicated that an additional process, most likely self-association of 3HF, became more pronounced as Χ D was diminished below 0.5.
It was reported that 3HF reacts by a solvent mediated proton transfer (SMPT) reaction in DMSO [43] . The products were the anion of 3HF (3HF -) and the protonated cation of DMSO (HDMSO + ). These species remained bound together as a complex in solution. This process could have interfered with the measurement of A and caused deviation of the plot of δ o versus Χ D from the model in Equation 2. Absorption spectra of 3HF in mixtures of DMSO-d 6 and CDCl 3 revealed that SMPT was limited to samples of nearly pure DMSO-d 6 . In mixtures with CDCl 3 comprising 20% (by volume) or greater, the absorption maxima at 428 nm and 485 nm were greatly diminished. In mixtures with CDCl 3 comprising 33% or greater, these absorption maxima due to the 3HFspecies were almost undetected. Therefore, this process could not explain the underestimate of K (and α H 2 ) and the overestimate of δ B for 3HF, from samples with a DMSO-d 6 concentration between 0.1 M and 2.0 M. The absorption spectra of 3HF in mixtures of DMSO-d 6 and CDCl 3 are given in the Supplementary Information.
For 3HF dissolved in DMSO-d 6 , there was a possibility that the chemical shift was affected by the products of the SMPT reaction. Assuming that the molar absorptivities of the anionic and normal species were about the same, the anionic species comprised less than 10% of the total 3HF in solution. The addition of 550 mM H 2 O to a solution of 1.5 X 10 -4 M 3HF in DMSO-d 6 greatly diminished the absorbance maxima at 428 nm and 485 nm. The addition of 550 mM H 2 O did not change the value of δ D (9.62 ppm) and therefore did not affect the measured value of A for 3HF. Absorbance spectra of 3HF in DMSO-d 6 with addition of increasing amounts of H 2 O are given in the Supplementary Information. Values of K and δ B were estimated for each compound with a single hydroxyl group including phenol, 3HF, 5HF, 7HF, 8H7MF and 4'H3'MF. The low values of K determined for 5HF and 3HF also suggested that DHFs with one hydroxyl group at position 5 (or 3) could be used to estimate K and δ B for the remaining hydroxyl group using Equation 5 . In other words, the position 5 or 3 hydroxyl groups had weak interactions with DMSO-d 6 that resulted in little interference in measuring the association between DMSO-d 6 and the other hydroxyl group in a DHF compound.
All other MHFs were soluble in pure DMSO-d 6 to obtain accurate values of δ D ; however, they were either not sufficiently soluble in CDCl 3 , or exhibited signals that were extremely broad or not separated from the signal of H 2 O. The values of Δδ (D-C) could not be directly determined for these MHFs. A strategy of using DHFs with one hydroxyl group at position 5 or 3 was used to reduce the overall polarity and increase the solubility in CDCl 3 . The hydroxyl groups at positions 6, 2', 3' and 4' were assayed by this approach. This introduced the possibility of altering the value of A for the hydroxyl groups of interest, due to intramolecular interactions with the position 5 or 3 hydroxyl groups. Flavone is divided into benzoyl and cinnamoyl conjugated systems, as shown in Figure 3A .
The absorption spectra of most flavones is dominated by two bands: i) a band with a maximum of 250 -285 nm due to the benzoyl system (A ring), and II) a band with a maximum of 320 -400 nm due to the cinnamoyl system (B ring) [44] . A previous study, that used potentiometric titrations, indicated that the placement of a hydroxyl group at position 5 diminished the pKa value of the position 7 hydroxyl group by 0.82 units [40] . A more recent report, based on titration endpoints detected by spectrophotometric isosbestic points, indicated that a hydroxyl group at position 3 did not greatly change the pKa values of hydroxyl groups at positions 6 or 7 [45] . In light of these reports, the approach taken was to minimize the intramolecular interactions between hydroxyl groups by selecting DHFs with each hydroxyl group placed in a separate conjugated system. In studying B-ring hydroxyl groups at positions 2', 3' and 4', the second hydroxyl group was placed in the A-ring at position 5. To evaluate A for the hydroxyl group at position 6, the compound 3,6DHF was assayed.
The compounds 5,2'DHF, 5,3'DHF, 5,4'DHF, and 3,6DHF were each sufficiently soluble, and exhibited narrow signals in both DMSO-d 6 and in CDCl 3 to allow determination of Δδ (D-C) . The compound 3,3'DHF also had solubility and exchange properties appropriate to evaluate A for the 3' hydroxyl group. For each of the CDCl 3 soluble DHFs, separate signals were observed for each hydroxyl group due to slow IMPT exchange. This allowed the signals for the two hydroxyl groups to be followed independently in the binary solvent system. A plot of δ o versus Χ D for the position 4' hydroxyl group of the compound 4'H3'MF is also depicted in Figure 8 . This assay was performed to assess the effect of an ortho position methoxy group on the measured value of A for the position 4' hydroxyl group. The value of Δδ (D-C) for the position 4' hydroxyl group was 3.96 ppm, which corresponded to a value of 0.53 for A. The position 3' methoxy group effectively reduced the value of A for the position 4' hydroxyl group by 0.16 units. A published study of ortho-methoxy phenol demonstrated that the ortho-methoxy group reduced the value of A for the hydroxyl group by 0.18 units when compared with phenol [46] . It has been proposed that the reduction in the value of A, due to IHB, be called ΔA [47] . For 4'H3'MF, the methoxy group at position 3' exhibited a value of 0.16 for ΔA, which was close to the reported value for ortho-methoxy phenol. A plot of 1/(δ o -δ F ) versus 1/[D] o gave an estimate of K (2.2 M -1 ) that corresponded to a value of 0.40 for α H 2 . This was only 0.13 units lower than the measured value of A (0.53). The estimate for δ B (9.97 ppm) was very close to the measured value of δ D (9.91 ppm). Estimates of α H 2 and δ B indicated that self-association was not a problem for 4'H3'MF. ACD-Absolve calculated a lower value of 0.27 for A. Plots of δ o versus Χ D used to determine A for the hydroxyl group at position 2' have been compared in Figure 9 . Both insolubility and IMPT exchange were problematic for 2'HF. The compound 5,2'DHF was sufficiently soluble in CDCl 3 and exhibited a narrow signal for the hydroxyl group at position 2'. The value of Δδ (D-C) was 3.02 ppm, which corresponded to a value of 0.41 for A. An estimate of K (21.5 M -1 ) corresponded to a value of 0.67 for α H 2 . The estimate of δ B (10.16 ppm) was lower than the measured value of δ D (10.91 ppm). Although α H 2 was 0.26 units higher than A, the values of K, α H 2 and δ B were still reasonable and there was little evidence for self-association of 5,2'DHF. The value of Δδ (D-C) for the position 5 hydroxyl group of 5,2'DHF was 0.19 ppm (A=0.03), which agreed with the result for 5HF (A=0.02).
A plot of δ o versus Χ D used to determine A for the hydroxyl group at position 3' has been given in Figure 10 . The compound 3'HF was insoluble in CDCl 3 and was problematic with regard to IMPT exchange. The compounds 3,3'DHF and 5,3'DHF were both amply soluble in CDCl 3 and had relatively narrow signals for the hydroxyl group at position 3'. The assay of 3,3'DHF gave a value for Δδ (D-C) of 4.86 ppm for the position 3' hydroxyl group, corresponding to a The estimate of δ B (9.27 ppm) was slightly lower than the measured value of δ D (9.72 ppm). With respect to the position 3' hydroxyl group, any self-association of 3,3'DHF did not appear to interfere with binding to DMSO-d 6 . The value of Δδ (D-C) for the hydroxyl group at position 3 was 2.52 ppm, which corresponded to 0.34 for A. This was close to the value of 0.35 obtained for 3HF. The plot of δ o versus Χ D for the position 3 hydroxyl group was nearly identical to that obtained for 3HF and a comparison has been given in the Supplementary Information. The linear plot (R 2 =0.991) of 1/(δ o -δ F ) versus 1/[D] o gave estimates of K (0.09 M -1 ), δ B (14.60 ppm) and α H 2 (0.01), which were not reasonable; however, similar results were obtained for 3HF. These results suggested that self-association of 3,3'DHF was being facilitated by the position 3 hydroxyl group. The compound 5,3'DHF was examined to verify the value of A for the position 3' hydroxyl group. The assay of the position 3' hydroxyl group of 5,3'DHF gave a value of 5.02 ppm for Δδ (D-C) , which corresponded to 0.67 for A. An estimate of K (9.5 M -1 ) corresponded to a value of 0.57 for α H 2 that was only 0.10 units less than A. The estimate of δ B (9.67 ppm) was less than the measured value of δ D (10.02 ppm). There was no indication that selfassociation of 5,3'DHF was occurring. The value of Δδ (D-C) for the position 5 hydroxyl group (of 5,3'DHF) was 0.13 ppm, which corresponded to a value of 0.02 for A. Given that 5,3'DHF did not appear to self-associate, the value of A (0.67) was accepted as correct for the 3' hydroxyl group. Plots of δ o versus Χ D , used to determine A for the hydroxyl group at position 6, have been compared in Figure 11 . The compound 6HF was problematic with regard to insolubility in pure CDCl 3 and IMPT exchange with H 2 O. For the position 6 hydroxyl group of 3,6DHF, a value for Δδ (D-C) of 4.52 ppm was obtained, which corresponded to a value of 0.61 for A. This was only 0.05 units greater than the value of A (0.56) calculated by ACD-Absolve. Values of K (36.6 M -1 ) and α H 2 (0.73) were consistent with the NMR-determined value of A (0.61). The estimate of δ B (9.52 ppm) was also less than the measured value of δ D (9.96 ppm). These results were consistent with the model in Equation 2 and indicated that self-association was not occurring through the position 6 hydroxyl group. For the position 3 hydroxyl group, a value for Δδ (D-C) of 2.48 ppm was obtained, which corresponded to 0.34 for A. This was close to the value of A (0.35) for 3HF; however, the plot of δ o versus Χ D for the position 3 hydroxyl group of 3,6DHF was quite different from that of 3HF. A plot of 1/(δ o -δ F ) versus 1/[D] o gave a correlation (R 2 = 0.995) from which an estimate of K (0.44 M -1 ) was obtained. This corresponded to a value of 0.21 for α H 2 , which was only 0.13 units lower than the value of A (0.34) for the position 3 hydroxyl group. The estimate of δ B (8.63 ppm) was lower than the measured value of δ D (9.41 ppm). These results were consistent with the model given in Equation 2 and indicated that little self-association was occurring through the position 3 hydroxyl group. This result was different from the result obtained for the position 3 hydroxyl group of either 3HF or 3,3'DHF. A comparison of the plots of δ o versus Χ D for the position 3 hydroxyl groups of 3HF, 3,3'DHF and 3,6DHF is given in Supplementary Information.
The compound 8HF was not available commercially; however, 8H7MF was obtained and had sufficient solubility in CDCl 3 to assay the entire DMSO-d 6 /CDCl 3 plot, including degree of curvature, were very similar to the plot for 4'H3'MF shown in Figure 8 . For 8H7MF, the measured value of Δδ (D-C) was 4.00 ppm, which corresponded to a value of 0.54 for A. The estimate of K (2.3 M -1 ) corresponded to a value of 0.40 for α H 2 , which was 0.14 units lower than the value of A. The estimate of δ B (9.62 ppm) was less than the measured value of δ D (9.72ppm). Therefore, the binding of DMSO-d 6 to the position 8 hydroxyl group of 8H7MF appeared consistent with Equation 2, and selfassociation did not appear to be a problem. The ACD-Absolve program calculated a much lower value of A (0.22) for 8H7MF; however, a slightly higher value of A (0.34) was calculated for 8HF.
ACD-Absolve identified the model compound, 2-methoxy-phenol, and provided a calculated value of 0.27 for A, and an experimental value of 0.22 (partition coefficients). The basis for the discrepancy between NMR-measured and calculated values of A for 8H7MF is not clear. For 2-methoxy-phenol, there were published values of δ D (8.82 ppm) and δ C (5.59 ppm) from which a value for Δδ (D-C) of 3.23 ppm was calculated. This corresponded to a value of 0.44 for A [46] . Therefore, other investigators have obtained an NMRmeasured value of A for 2-methoxy-phenol that was much higher than the value calculated by ACD-Absolve.
The compound 5,7DHF was assayed to determine the effect of a position 5 hydroxyl substituent on the value of A for the position 7 hydroxyl group. For the position 7 hydroxyl group of 5,7DHF, a value of 0.76 for A was obtained, which was the largest value for any hydroxyl group studied. The position 5 hydroxyl substituent increased the value of A for the position 7 hydroxyl group by almost 14% (as compared with 7HF). The values for K (73.2 M -1 ) and α H 2 (0.81) for the position 7 hydroxyl group of 5,7DHF were also the highest obtained for any of the hydroxyl groups studied. The estimate of δ B (10.21 ppm) was also less than the measured value of δ D (11.11 ppm). These results indicated that self-association was not problematic for 5,7DHF. The compound 3,7DHF was assayed to determine the effect of a position 3 hydroxyl substituent on the value of A for the position 7 hydroxyl group. The value of A obtained for the hydroxyl group at position 7 was 0.70. This represented an increase of 6% over the value of A (0.67) obtained for 7HF. This small increase was within the margin of error for the method. The values of K, α H 2 and δ B were not determined for either the position 3 or 7 hydroxyl groups of 3,7DHF.
Values of δ D and δ C for each compound examined have been summarized in Table 1 . The values of Δδ (D-C) , A, K, δ B and α H 2 have also been provided. Since A is a LFER, and the hydroxyl group of a MHF is the only significant hydrogen bond donor, the value of A determined for the hydroxyl group should be an estimate of the value of A for the overall MHF [29] . For example, 7HF was assayed and the value of A for the position 7 hydroxyl group was determined to be 0.67. Since this is the only functional group that significantly contributes to A, this value represents an estimate of A for 7HF. The values of A directly determined for 5HF, 3HF and 7HF and the values of A estimated for the remaining MHFs have been compared with calculated and experimental values (from partition coefficients) given by ACD-Absolve in Table 2 . Values of A for MHFs were compared with published values of pKa, LogD Oct , and Logk' (C-18 column), which are given in Table 3 .
There is a general consensus, based on experimental results, that pKa is not a dependable predictor of A [48] . A plot of pKa versus A exhibited a very weak correlation (R 2 = 0.708) and the data points tended to be located in clusters. It has been established that LogP Oct (and LogD Oct ) values are primarily affected by non-polar (hydrophobic) interactions and are essentially not affected by hydrogen bonding [49] . A plot of published LogD Oct values against the 94 Natural Product Communications Vol. 8 (1) 2013
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NMR-measured values of
A exhibited no meaningful correlation (R 2 =0.549). Plots of A versus pKa and A versus LogD Oct have been provided in the Supplementary Information.
Values for the logarithm of the chromatographic capacity factor, Logk', were previously reported for the MHFs assayed on a reversephase (C-18) column using a mobile phase of 80/16/4 methanol/water/formic acid [18] . For the MHFs, the LogD Oct values were within a narrow range from 3.0 to 3.5 and the surface areas of the hydrophobic portions of these molecules were expected to be similar. The value of A, for each hydroxyl group, should have a dominant effect on the interaction with the polar mobile phase. A good correlation (R 2 = 0.917) was observed between Logk' and A, as shown in Figure 12 . Since 8HF was not available, the value of logk' could not be determined, and this compound was excluded from the correlation. For the MHFs that were available for analysis, the good correlation between logk' and A lent credibility to the accuracy of the values of A measured by NMR.
The relative acidities of hydroxyl group substituents are relevant to understanding the mechanisms by which flavones scavenge free radicals [45, 50] . The pKa values of individual hydroxyl groups at different substitution positions have been measured by traditional potentiometric methods [40] and absorption isosbestic points [45] . Relative pKa values have correlated with certain radical scavenging activities, but as demonstrated in the present study, pKa values do not correlate well with values of A, even for simple MHFs.
The gas phase acidities of flavonoids have been measured by mass spectrometry and estimated from theoretical calculations [51, 52] . These studies have helped to explain the relative reactivity of flavonoids; however, the gas phase acidity is an enthalpic parameter. It does not correlate well to A, which is a LFER that is used in QSARs for drug development [53, 54] . The value of A is useful for predicting aqueous solubility and transport of drugs across cellular membranes [55] . The values of A for hydroxyl substituents at each position of flavone will be useful for estimating the overall values of A for more complex hydroxyflavones.
Most flavones with three or more hydroxyl groups will tend to be insoluble in CDCl 3 and it will not be possible to measure values of A by the current NMR assay [29] . For many flavones, it will be necessary to estimate A for the overall molecule by summation of the contributions from each hydroxyl group. Programs such as ACD-Absolve conveniently do this but inaccuracies arise when intramolecular hydrogen bonding is involved. Flavonoids also have intramolecular interactions between functional groups, several of which were investigated in this study. The strong intramolecular hydrogen bond in 5HF was demonstrated in early work using infrared spectroscopy [41] . The effect of IHB to diminish the overall polarity of 5HF had also been demonstrated by reverse-phase liquid chromatography [18, 42] . From the present study, the measured value of A for the position 5 hydroxyl group was 0.02. This indicated the position 5 hydroxyl group had very little tendency to act as a hydrogen bond donor. The values of A for 3HF and 2'HF were found to be 0.35 and 0.41, respectively. The hydroxyl groups at these positions acted as hydrogen bond donors of intermediate strength. The program PCModel did not predict intramolecular hydrogen bonding for either 3HF or 2'HF.
Close examination of the plots of δ o versus Χ D for the position 3 hydroxyl groups of 3HF and 3,3'DHF indicated these compounds self-associated in the binary solvent system. The degree of selfassociation appeared to increase as the value of X D was diminished. Interestingly, the position 3 hydroxyl group of 3,6DHF did not appear to mediate self-association since reasonable values for K, α H 2 and δ B were obtained. While there was evidence of self-association for 3HF and 3,3'DHF, the NMR-measured value of A for the position 3 hydroxyl group was consistent among 3HF (0.35), 3,3'DHF (0.34), 3,6DHF (0.34) and 3,7DHF (0.32). These values were close to the value of 0.31 calculated by ACD-Absolve. Selfassociation of 3HF reduced the estimate of α H 2 , but had little effect on the NMR-measured value of A. The unit cell of the crystalline structure of 3HF involves a dimer in which molecules of 3HF interact through anti-parallel hydrogen bonds [56] . This structure could exist in non-polar solvents; however, the hydrogen bonded dimer structure of 3HF has not been confirmed in solution phase. The remaining compounds examined in this study showed little or no evidence of self-association that would have interfered with the measurement of A.
The hydroxyl groups at positions 7 and 4' had values of 0.67 and 0.69 for A, respectively. Since the reported error of the method was +/-0.05 units, it was not possible to conclude which of these was actually the strongest hydrogen bond donor. The hydroxyl group at position 3' exhibited a measured value of 0.67 for A when the compound 5,3'DHF was assayed. The position 3' hydroxyl group was nearly equal in donor strength to the hydroxyl groups at positions 7 and 4'. The hydroxyl group at position 6 exhibited a lower value of 0.61 for A, which was very close to the NMRdetermined value of A for phenol (0.63).
The NMR-measured value of A for the position 8 hydroxyl group of 8H7MF was 0.54; however, a much lower value of 0.22 was predicted by ACD-Absolve. The basis for this discrepancy is not The hydroxyl group at position 5 was shown to increase the value of A for the hydroxyl group at position 7 in chrysin (5,7DHF) by about 14%. In contrast, a hydroxyl group at position 3 resulted in a much smaller increase in the value of A at position 7 (in 3,7DHF). The hydroxyl group at position 7 is a part of the pharmacophore for the binding of isoflavones to the estrogen receptor [57] . It is also part of the pharmacophore for the binding of flavones to aromatase, an enzyme involved in the synthesis of estrogen [58] . Chrysin, and other inhibitors of the estrogen receptor and aromatase, have recently gained interest as therapeutic agents for the treatment of estrogen-dependent cancer.
The effect of an ortho-methoxy group was to reduce the value of A for the position 4' hydroxyl group in 4'H3'MF by 0.16 units (20%). Flavones, such as chrysin, exhibit increased absorption and uptake when the hydroxyl groups are derivatized by methylation [59] . The presence of an ortho-methoxy group, by reducing the value of A for a hydroxyl group, could diminish the affinity of a flavone molecule for a target protein.
Future research is needed to identify intramolecular interactions that modify the value of A for hydroxyl groups at different positions of substitution. This should lead to more accurate estimations of the values of A for flavones bearing multiple substituents. This is important for developing therapeutic agents based on the structures of flavones. While flavones exhibit many activities that are potentially beneficial to human health, these compounds are efficiently metabolized and excreted. In order for flavones to be effective as pharmaceuticals, they may need to be tailored to improve absorption by the target cells. For many of the QSARs that have been developed, the physical descriptors of A and LogP Oct Figure 11 : The values of δ o versus X D were plotted for the hydroxyl groups at positions 6 and 3 for the compound 3,6DHF. The values of A were 0.61 and 0.34 for the position 6 and 3 hydroxyl groups, respectively. For the position 6 hydroxyl group, values of K (36.6 M -1 ), α H 2 (0.73) and δ B (9.52 ppm) indicated that self-association was not problematic. For the position 3 hydroxyl group, values of K (0.43), α H 2 (0.21) and δ B (8.73 ppm) also indicated that selfassociation was not as prevalent for 3,6DHF as compared with 3HF and 3,3'DHF. have been important for the prediction of membrane permeability and cellular uptake of potential drug molecules.
Experimental
Reagents and supplies: Deuterated chloroform (CDCl 3 ) was 99.9% deuterated, contained 0.03%, v/v, tetramethylsilane (TMS), and was obtained in sealed ampoules.
Deuterated dimethyl-sulfoxide (DMSO-d 6 ) contained 0.03%, v/v, TMS and was in sealed ampoules. Both CDCl 3 and DMSO-d 6 were obtained from Aldrich (St. Louis, MO). Crystalline phenol, 99.9% purity (molecular
